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Development of the insect head is a complex process that in Drosophila requires the anterior determinant, Bicoid. Bicoid is present in an
anterior-to-posterior concentration gradient, and binds DNA and stimulates transcription of head-specific genes. Many of these genes,
including the gap-gene hunchback, are initially activated in a broad domain across the head primordium, but later retract so that their
expression is cleared from the anterior-most segmented regions. Here, we show that retraction requires a Bicoid-interacting protein, Sap18,
which is part of the Sin3/Rpd3 histone deacetylase complex. In sensitized-mutant backgrounds (e.g., bcdE1/+), removal of maternal sap18
results in embryos that are missing labrally derived parts of the cephalopharyngeal skeleton. These sap18 mutant embryos fail to repress hb
expression, and show reduced anterior cap expression of the labral determinant cap dnT collar. These phenotypes are enhanced by lowering
the dose of rpd3, which encodes the catalytic subunit of the deacetylase complex. The results suggest a model where, in labral regions of the
head, Bicoid is converted from an activator into a repressor by recruitment of a co-repressor to Bicoid-dependent promoters. Bicoid’s activity,
therefore, depends not only on its concentration gradient, but also on its interactions with modifier proteins within spatially restricted
domains.
D 2004 Elsevier Inc. All rights reserved.
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Anterior–posterior (A–P) patterning in the Drosophila
embryo depends upon members of three maternal polarity
systems encoded by the anterior, posterior, and terminal
group genes. The head and thorax are specified by
maternally deposited products of anterior group genes,
including bicoid (bcd), which encodes a morphogen that
stimulates expression of zygotic genes along the A–P axis
in a concentration-dependent manner (Driever and Nu¨s-
slein-Volhard, 1988a,b; Frohnho¨fer and Nu¨sslein-Volhard,
1986). Among its targets are the gap genes hunchback (hb),0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.11.011
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1 Current address: Department of Genetics, Duke University Medical
Center, Durham, NC 27701, USA.giant (gt), kru¨ppel (Kr), and knirps (kni) and head-specific
genes orthodenticle (otd), buttonhead (btd), and empty
spiracles (ems) (Driever and Nu¨sslein-Volhard, 1989;
Finkelstein and Perrimon, 1990; Struhl et al., 1989;
Wieschaus et al., 1984).
Proper development of the head also requires a contri-
bution from terminal group genes that encode components
of a receptor-mediated MAPK signal-transduction pathway
(Perrimon, 1993; St. Johnston and Nu¨sslein-Volhard, 1992).
This pathway is activated at the two poles of the embryo by
the somatic follicle cells, which generate a localized ligand
that binds Torso, a receptor tyrosine-kinase (Perrimon et al.,
1995). This pathway activates tailless (tll) and huckebein
(hkb) at both ends of the embryo (Duffy and Perrimon,
1994; Pignoni et al., 1992; Weigel et al., 1990).
Interactions between the anterior and terminal systems
that are required for head specification are not well278 (2005) 242–254
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required for a phenomenon known as bretraction,Q in which
Bicoid-dependent genes are down-regulated at the anterior
tip of the embryo during cellularization stages. This region
has the highest concentration of Bicoid, and yet localized
expression of genes such as hb and otd is cleared from this
part of the embryo (Driever and Nu¨sslein-Volhard, 1989;
Finkelstein and Perrimon, 1990; Gao et al., 1996; Tautz,
1988). In terminal-system mutants, such as the torso (tor)
loss-of-function alleles, retraction is lost and head develop-
ment is impaired (Ronchi et al., 1993). It had been
hypothesized that phosphorylation of Bicoid by the terminal
system kinases directly inhibits its activity thereby causing
retraction, but this could not be demonstrated (Bellaı¨che et
al., 1996; Janody et al., 2000a). An alternative possibility is
that, under control of the terminal system, Bicoid interacts
with other proteins that may inhibit its activity.
One such protein might be Drosophila Sap18, first
identified as a Bicoid-interacting protein in a modified two-
hybrid screen (Zhu et al., 2001). Sap18 is the fly ortholog of
human SAP18, a Sin3A-associated protein, which is a
component of the Sin3-Rpd3 histone deacetylase co-
repression (HDAC) complex (Mannervik and Levine,
1999; Pennetta and Pauli, 1998; Zhang et al., 1997). In
Drosophila S2 cells, Sap18 represses Bicoid-dependent
gene expression, suggesting that interaction of Bicoid with
Sap18 recruits the Drosophila Sin3-Rpd3 HDAC1 complex
to DNA, turning Bicoid from an activator into a repressor
(Zhu et al., 2001). This interaction might be necessary for
the retraction phenomenon, which is critical for proper head
development.
Although SAP18 is conserved among humans, Caeno-
rhabditis elegans, and flies, little is known about its
function. No clear ortholog exists in yeast, and there are
no compelling data on its exact role in any organism. No
functional motifs are revealed by its sequence. It was
discovered by biochemical fractionation of human cell
extracts as an 18-kDa peptide that co-purifies with the
Sin3A/Rpd3 HDAC complex, and enhances Sin3-mediated
repression (Zhang et al., 1997). Drosophila Sap18 also
interacts with GAGA and E(z) proteins, which are
implicated in Trithorax- and Polycomb-mediated regulation
of homeotic genes, respectively (Espina´s et al., 2000; Wang
et al., 2002). Mammalian SAP18 interacts with Su(Fu),
which is a repressor of the Gli transcription factor in the
Hedgehog signaling pathway (Cheng and Bishop, 2002). In
each study, SAP18 was proposed to be an adaptor protein
that bridges the interaction between a DNA-binding protein
and a Sin3-HDAC co-repression complex. SAP18 was also
found to be part of a complex known as ASAP, which
contains both an RNA-binding protein (RNPS1) and a
caspase (Acinus), suggesting that it plays a role in RNA
processing and apoptosis (Schwerk et al., 2003).
In this paper, we sought to test whether the interaction of
Bicoid with Sap18 is important for embryonic head
development, and whether Sap18 is required for retraction.To this end, we used P-element excision to generate a series
of chromosomal deletions that removed the gene encoding
Sap18 (sap18), and we examined the consequences on both
germline and embryonic development. We found that sap18
is required maternally and zygotically, and that embryos
from bcd sap18 double mutant mothers fail to undergo
normal retraction of the gap gene hb at the anterior tip of the
embryo. Failure to down-regulate hb leads to loss of
expression of the labral determinant cap dnT collar, resulting
in severe head defects. This phenotype is further enhanced
by reducing the dosage of rpd3, indicating that repression
by histone deacetylases is likely to be involved. Thus,
Bicoid’s activity is spatially regulated in the embryo, not
only by its concentration gradient along the A–P axis, but
also by its interaction with a modifier (co-repressor) protein
that alters its activity. The results also reveal roles for Sap18
in oogenesis, and in larval and pupal development, that are
independent of Bicoid.Materials and methods
Fly stocks
The EP(3)3462 insertion line (Rorth, 1996) used to
generate sap18 alleles was w1118; P{w+mC = EP}EP3462/
TM6B Tb Hu, the bcdE1 null stock was st1 kniri1
bcd6roe1 pp nosl7e1/TM3 Sb1 Ser1, and a stock containing
a strong hypomorphic rpd allele was P{ry+t7.2 =
PZ}l(3)0455604556ry506/TM3 ryRK Sb1 Ser1. The torso
loss-of-function (tor4) and gain-of-function (tor4021) stocks
were tor4 cn bw/CyO I(2)DTS513 and T(1;2)Bld/
T(1;2)064/ tor4021, respectively. The lacZ and GFP
balancer lines were P{ry[+t7.2] = ftz-lacZ ry[+]} TM3
Sb[1] ry[*]/Dr[Mio] and w*; Sb1/TM3 P{w+m = Act GFP}
JMR2 Ser1, respectively. Oregon R was used as a wild-type
control.
Excision screen
The EP(3)3462 insertion is located 259 bp from the
sap18 start codon and was mobilized by crossing to females
of the transposase line, w1118; P{ry+t7.2 = D23}99B, Sb/
TMb,Ubx. Dysgenic EP(3)3462/ P[D23] F1 males were
crossed to w1118; H[2]/TM3, Sb1 females. F2 non-Sb males
(lacking the transposase P[D2-3]), were screened for loss of
w+mC marker caused by excision of the EP element. 500
white-eyed males were identified and were individually
backcrossed to w1118; H[2]/TM3, Sb1 females, and the
progeny were analyzed. Using PCR, we identified excisions
in which the P3 end of the insertion (proximal to sap18) was
intact, and these were discarded. For the remaining excisions
(397), we carried out Southern hybridization (using Bgl2) to
distinguish between precise and imprecise excisions, or
deletions internal to the EP element. Balanced lines were
made for 56 imprecise excision lines, and PCR and DNA
N. Singh et al. / Developmental Biology 278 (2005) 242–254244sequencing were used to identify 12 that had small deletions
that removed sap18 and/or the 5V end of sarah.
Generation of bcd sap18 double mutants and germ-line
clones
Since bcd and sap18 are both located on chromosome
3R, recombinants were made so as to generate double
mutant lines. In the bcdE1sap18R718 recombinant line,
distal markers nosl7and e1 were removed. This line was
further outcrossed to remove st1 and kniri1 located on 3L,
to avoid phenotypes associated with these markers.
Germline clones of sap18 were generated using the FLP/
FRT-dominant female sterile technique (Chou and Perrimon,
1992, 1996). The sap18R718 allele was recombined onto
the P{ry+,FRT}82B chromosome, and yw P{w = hs-
FLP}122; P{ry+ FRT}82B sap18R718/MKRS females were
generated. Females were mated to P{ry+ FRT}82B
P{w+ovoD1}/TM3 Sb males and the progeny were incu-
bated for 3, 4, or 5 days at 258C and then heat shocked at
388C for 1 h. The sap18R718/ovoD1 virgins were collected
and mated to OreR males, or to males of balancer lines
sap18R718/TM3 lacZ or sap18R718/TM3 Ser GFP to help
distinguish heterozygous from homozygous sap18 mutant
embryos.
Cuticle preparations
Embryos were aged for 36 h, bleach dechorionated, and
cleared without devitellinization in Hoyer’s mountant/lactic
acid (1:1) at 708C for 3 h as described (Stern and Sucena,
2000). Hatched first-instar larvae were hand-picked and
cleared in Hoyer’s mountant as above. Cuticles were
photographed using a Hamamatsu digital camera with darkFig. 1. Schematic of the sap18 locus and selected excision alleles. The physical m
direction of transcription. The position of the EP(3)3462 insertion is shown. Delet
4-kb EcoR1–Xba1 fragment indicated was used to generate a sap18 rescue transge
from the original deletion (sap18117) by meiotic recombination to remove unwanfield and Nomarski optics on a Zeiss Axioscope 2
microscope.
Whole-mount in situ hybridization
One- to 4-h embryos were collected on apple juice-agar
plates. RNA expression patterns were visualized as
described (Tautz and Pfeifle, 1989). Anti-sense RNA probes
were generated using digoxigenin (DIG)-labeled UTP and
were detected with alkaline phosphatase-conjugated anti-
DIG antibodies (Boehringer Mannheim). In some cases, a
lacZ control probe was included to help differentiate
homozygous from heterozygous sap18 mutant embryos
(marked with ftz-lacZ). Stained embryos were photographed
under Nomarski optics using a Zeiss Axioscope 2 and
Olympus digital camera.Results
Generation of sap18 null alleles
To study the role of Sap18 in axis formation and
embryonic patterning, it was necessary to generate sap18
mutant alleles. One line was available that carries a nearby
P-element insertion, EP(3)3462 (Rorth, 1996). This line is
homozygous viable, although the insertion was reported to
be hypomorphic for sap18 (Espina´s et al., 2000). To
generate null alleles of sap18 , we mobilized the
EP(3)3462 element and we identified 12 imprecise excisions
that removed all or part of the sap18 locus. The six most
useful deletion mutations are depicted in Fig. 1.
For analysis of sap18 mutant phenotypes, the allele used
most extensively was sap18R718. It carries a 610-bpap for cytological region 89 B12-13 is shown at the top. Arrows indicate
ion size is given by the number of base pairs from the EP insertion site. The
ne (R. Jones, personal communication). The sap18R718 allele was derived
ted background mutations from chromosome 3.
Table 2
Maternal sap18 mutants show embryonic-lethal phenotypes
Genotype
(females)
Temp.
(8C)
Undeveloped
eggs (%)
Embryonic-
lethal (%)
Hatched
larvae
(%)
+/+ 25 2 – 98
29 3 – 97
sap18R718/+ 25 2 – 98
29 3 8 90
sap18R718/
sap18R718
25 90 3 7
29 90 2 8
FRTsap18R718/+
(germ-line clones)
25 10 12 78
29 31 21 48
Males used in these crosses were wild-type (OreR). Parental flies were
reared at 228C and were mated in egg collection cages at the indicated
temperatures. Embryos were allowed to develop for 24 h at the indicated
temperature, and transferred to 228C for scoring the next day. Eight hundred
progeny were scored from each cross. Undeveloped eggs had no visible
sign of development after 24 h of incubation.
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bp of the 525 bp sap18 open reading frame. To make the
sap18R718 stock, background recessive mutations on
chromosome 3 were removed from an initial excision line
(sap18117) by meiotic recombination. The deletion also
removes 23 bp of an untranslated 5V exon of an adjacent
gene, sarah (sra; also called nebula), however, as
subsequent analysis showed, this deletion did not effect
sra function. The sra alleles generated in this screen,
including sra75, sra416 and sra687, were useful as controls
for analysis of sap18 mutant phenotypes.
Zygotic sap18 mutants are temperature-sensitive larval and
pupal lethal
Heterozygous sap18 deletions are viable at 258C,
whereas homozygous sap18 deletions are lethal (Table 1),
with arrest occurring most often during pupal stages of
development. A small percentage (approximately 10% ) are
also larval-lethal. There is no embryonic lethality. The larval
and pupal lethality is, however, temperature-sensitive (ts); at
228C homozygous sap18 mutants hatch normally and
develop into viable adults. The zygotic ts-lethal phenotype
is rescued by introducing a single copy transgene containing
4 kb of genomic DNA encompassing sap18 and an adjacent
ORF, CG8927 (Fig. 1). Also, double-heterozygous progeny
from crosses using sap18 and sra mutant alleles (sra75 and
sra687) or the original EP(3)3462 line are viable and fertile
at both 228C and 258C (Table 1). These data indicate that
the ts-lethal phenotype is due to loss of sap18. We conclude
that zygotically expressed sap18 is required for larval and
pupal development, but is dispensible for embryogenesis.
Maternal sap18 mutants have embryonic defects
The fact that viable and fertile homozygous sap18
mutant females could be generated at 228C facilitated the
analysis of sap18 maternal effects. Progeny from hetero-
zygous females were compared to those from homozygous
females (Table 2). At 258C, sap18R718/+ females pro-
duced essentially all viable progeny, whereas sap18R718/Table 1
Zygotic sap18 mutants are temperature-sensitive lethal
Genotype % Lethality
228C 258C
sap18R718/EP(3)3462 3 6
sap18R718/sap18R718 21 97
sap18R718/sap18117 12 88
rescue/+; sap18R718 /sap18117 0 6
sap18R718/sra1875 6 24
sap18R718/sra687 6 0
At least 1000 adult progeny were scored for each cross. Zygotic lethality is
calculated by the % of non-stubble adults divided by the expected number
of 33% based on the crosses performed. Flies were reared at the indicated
temperature. The sap18117 allele is the original deletion used to make
sap18R718 shown in Fig. 1 (see text for details).sap18R718 females produced eggs in which about 90%
failed to develop. Although oogenesis appeared normal,
these eggs arrested prior to pronuclear fusion, suggesting a
failure in fertilization (data not shown). A small number of
hatched larvae were detected (7–8%); these may have
survived due to redundant functions provided by other co-
repressors (see Discussion). The undeveloped phenotype
was rescued by the sap18 transgene (data not shown), but
only partially (approximately 30%), possibly due insuffi-
cient expression of the sap18 transgene.
At elevated temperature (298C), even progeny from
sap18R718/+ heterozygous females displayed defects.
Here, eggs developed, but about 8% were embryonic-lethal
(Table 2). The embryos had normal-looking cuticles and
mouth hooks, but they died at late stages, just prior to
hatching as first-instar larvae. At both 258C and 298C, the
embryonic-lethal phenotype and the undeveloped-egg phe-
notype were independent of the genotype of the males
(wild-type vs. sap18 mutants), indicating a strict maternal
effect (data not shown). Thus, in addition to zygotic
functions late in development (described above), these
results indicate a maternal role for sap18.
Since Sap18 was first identified as a protein that interacts
with Bicoid, we sought to determine whether sap18 mutant
embryos had any possible bcd-related head phenotypes.
However, because most eggs from sap18R718/sap18R718
mutant mothers failed to develop, head and thoracic
phenotypes could not be examined. To remedy this and to
further examine the role of maternal sap18, we generated
sap18 germ-line clones. As a result, the frequency of the
undeveloped-egg phenotype was reduced from 90% to 10%
at 258C, and from 90% to 31% at 298C (Table 2). This
dramatic reduction in the number of undeveloped eggs
suggests that, during oogenesis, sap18 is not required in the
germ line, but is required in somatic tissue.
Developing embryos from sap18 germline clones
showed about 12% embryonic lethality at 258C, which
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typically had holes or patches of naked cuticle in the
anterior and thoracic regions (compare Figs. 2A, B with
Figs. 2C, D). In some embryos, the head skeleton was
collapsed similar to that seen in some terminal system
mutants (Figs. 2E, F), and a smaller number of embryos had
mild segmentation defects (Figs. 2G, H). The larvae that
hatched survived to adulthood if they had wild-type sap18
contributed from the male. The embryonic defects were
rescued in germ-line clones by a sap18 transgene (data not
shown). From these experiments, it appears that zygotic
sap18 has a role in multiple stages of development, and that
maternal sap18 is required in somatic cells for oogenesis
and in germline-derived cells for embryogenesis. However,
its maternal role in embryogenesis is not absolutely
essential, as many of the germ-line clone sap18 mutant
larvae hatch normally (see Discussion).
sap18 interacts genetically with bcd
Previous work showed that Sap18 interacts with Bicoid
in two-hybrid assays, in GST-pulldown assays, and in
functional assays in Drosophila S2 cells (Zhu et al., 2001).
To determine whether there is an in vivo geneticFig. 2. Phenotypes of embryos from maternal sap18 germ-line clones.
Bright field (left) and dark field (right) micrographs wild-type (A, B) or
mutant (FRTsap18R718) embryos (C–H). Three different mutant pheno-
types are shown. Most of the unhatched mutant embryos had large holes in
the anterior region (C, D). Many had collapsed head skeletons (E, F), and a
few had segmentation defects (G, H), typically deletions of the second and/
or sixth abdominal segment. Embryos in this and subsequent figures are
aligned anterior to the left and dorsal up.interaction, we generated bcd sap18 double mutant lines
and then analyzed progeny for viability and head pheno-
types (Table 3). At 298C, progeny from bcdE1/+ or
sap18R718/+ heterozygous mothers were mostly viable,
with less than 10% mortality during embryonic and larval
development. In contrast, the embryos from bcdE1/
sap18R718 double heterozygous mutants showed signifi-
cant mortality, with 9% dying as unhatched embryos with
serious head defects including missing mouth parts, and
28% that hatched but had head defects similar to those
found in bcdE5 mutant embryos and in some tor pathway
mutants (torXR1, tsl146) (Frohnho¨fer and Nusslein-Volhard,
1987; Ju¨rgens and Hartenstein, 1993; Ju¨rgens et al., 1986;
Stevens et al., 1990). These larvae were missing labral
structures, most frequently the labrum itself and the
epistomal sclerite (Fig. 3B). In some cases, the dorsal
bridge, dorsal and ventral arms, and posterior pharyngeal
wall were either absent or reduced in size. These defects
were not observed at lower temperatures (258C or 228C;
data not shown).
To demonstrate that the head defects were not due to
interaction between bcd and the adjacent gene sra, we also
examined embryos from bcdE1/sra687 double heterozygotes.
No head defects were observed (Table 3). In addition, the
embryonic lethality and the head phenotypes of the bcdE1/
sap18R7–18 double heterozgygotes were fully rescued by a
sap18 transgene (Table 3, Fig. 3C), which does not contain
sra (Fig. 1). These results show that sap18 and bcd interact
genetically and suggest that both are required for proper
formation of the head skeleton.
To determine whether the bcd-sap18 genetic interac-
tions were dependent upon Rpd3, the catalytic subunit of
the Sin3A/Rpd3 histone deacetylase complex, we gener-
ated triple heterozygous mutants using a hypomorphic
insertion allele of rpd3 described previously (Mannervik
and Levine, 1999). To generate the triple mutant,
sap18R718 was recombined onto the bcdE1 chromosome.
Progeny from these females (bcdE1 , sap18R718/+)
showed embryonic lethality and head defects, although
at a lower frequency than did those from bcdE1/
sap18R718 females (Table 3). This difference was
presumed to be due to the presence of modifying loci
on the arms of the bcdE1 chromosome (removed when
recombined with sap18R718; see also Materials and
methods). Importantly, progeny from the comparable triple
heterozygous mutant line, bcdE1, sap18R7–18/rpd3 showed
high levels of lethality (N50%), with nearly all of the
unhatched embryos, and more than one third of the hatched
larvae displaying severe head defects (Table 3; Fig. 3D).
Most were missing the labrum, epistomal sclerite, dorsal
bridge, and posterior pharyngeal wall, and the dorsal and
ventral arms were reduced in size. Control rpd3/+
embryos did not show any lethality or head defects (Table
3). Thus, rpd3 enhances the defect of bcd sap18 double
mutants, suggesting that the Rpd3 histone deacetylase is
involved in Bicoid function.
Fig. 3. bicoid and sap18 interact genetically to form proper head
structures. The maternal genotypes are indicated. Embryos were allowed
to develop at 298C. (A) Control bcdE1/+ embryos have normal head
structures as indicated (B) bcdE1/sap18R718 trans-heterozygous mutant
embryos show defects in head structures originating from labral
precursors. The labrum and epistomal sclerite are missing (arrow), the
dorsal bridge (arrowhead), and the posterior pharyngeal wall (open
arrowhead) are reduced. (C) The head defects are rescued by a sap18
transgene. (D) The head phenotypes seen in (B) are enhanced further by
reducing the dose of rpd3. In addition, the dorsal and ventral arms are
reduced. Abbreviations are as follows: dorsal arm (da), dorsal bridge (db),
epistomal sclerite (es), lateralgr7ten (lg), labrum (lr), mouth hook (mh),
posterior pharyngeal wall (ppw), ventral arm (va).
Table 3
Bcd and sap18 show a genetic interaction
Genotype (females) n Unhatched
embryos
(%)
Hatched 1st
instar larvae (%)
Head
defects
Normal
bcdE1/+ 753 1 – 99
sap18R718/+ 776 8 – 93
bcdE1/sap18R718 900 9 28 64
sra687/+ 818 4 – 96
bcdE1/sra687 450 3 – 97
rescue/+; bcdE1/sap18R718 1514 2 b1 97
bcdE1, sap18R718/+ 660 7 9 84
rpd3/+ 588 1 – 99
sap18R718/rpd3 617 7 – 93
bcdE1/rpd3 575 12 13 76
bcdE1, sap18R718/rpd3 528 30 27 43
Males used in the cross were OreR. Parental flies were reared at 228C and
mated in egg collection cages at 298C. Embryos were allowed to develop
for 24 h at 298C, and were transferred to 228C for scoring the next day. n is
the number of embryos scored. Undeveloped eggs were not counted. Head
defects were scored in first-instar larvae. Rescue refers to a sap18 P-
element (stock provided by Rick Jones, Southern Methodist University).
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Bicoid has been demonstrated to be an activator of gene
transcription (Driever and Nu¨sslein-Volhard, 1989; Hanes
and Brent, 1989; Struhl et al., 1989). In mammalian
systems, SAP18 is part of the Sin3A/Rpd3 co-repressor
complex that represses transcription by deacetylation of
histones (Zhang et al., 1997). We previously proposed that
interaction of Sap18 with Bicoid might convert Bicoid
from an activator into a repressor, and that this conversion
may be important for the retraction of Bicoid-dependent
gene expression that occurs at the anterior tip of late
blastoderm embryos (Zhu et al., 2001). To test this idea, we
examined the expression pattern of hb in sap18 mutant
embryos (Fig. 4, Table 4).
In wild-type embryos, the zone of retraction of hb
staining extends to about 10% of the egg length, as
measured from the anterior (Fig. 4A). Embryos from
sap18 heterozygous mutant females (sap18R718/+) showed
no detectable shift in the posterior border of the zone of
retraction (Fig. 4B). sap18R718 germline clone embryos
showed a slight shift toward the anterior (9%), as did
bcdE1/+ embryos, which are known to have an anterior shift
in overall patterning due to the lowered dose of the Bicoid
morphogen (Figs. 4C, D). However, embryos from bcdE1/
sap18R718 double heterozygous females and from bcdE1,
sap18R718/sap18R718 females showed very highly sig-
nificant (P values b 0.001 vs. bcdE1/+) shifts in the extent
of the retraction zone, to about 7% and 6% egg length,
respectively (Figs. 4E, F; Table 4).
The effects of rpd3 mutation on retraction were also
examined. Heterozygous rpd/+ mutant embryos showed
no change in retraction (data not shown), nor did
sap18R718/rpd3 double heterozygotes (Table 4). However,
Fig. 4. Retraction of hb expression is reduced in maternal bcd sap18 mutants. In situ hybridizations using a hb RNA of blastoderm-stage embryos. The
posterior border of the zone of hb retraction is indicated by arrows. For wild-type embryos (WT), this occurs at about 10% egg length (A) as measured from the
anterior, whereas this zone is reduced in bcd sap18 double mutants (E, F), and is further reduced in bcd sap18 rpd3 triple mutants (H, I) as shown. Two
examples of bcdE1, sap18R718/rpd3 are shown. Most have a reduced zone of hb retraction, but in about 12% of embryos, the zone of retraction is abolished
(I). The changes in hb retraction are quantitated in Table 4.
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double heterozygous mutations, the rpd3 allele enhanced
the mutant phenotype, resulting in a reduced zone of
retraction, to about 8% and 6%, respectively (P values b
0.001 vs. bcdE1/+)(Figs. 4G, H; Table 4). About 12% of the
bcdE1, sap18R718/rpd3 triple heterozygous embryosTable 4
Hunchback retraction is reduced in bcd sap18 double mutants
Genotype (females) n Retraction
border
Embryos
with no
retraction
Wild type 20 10.4 F 1.3 0
FRT sap18 24 9.0 F 1.3 0
bcdE1/+ 45 8.9 F 1.2 0
bcdE1/sap18R718 31 7.0 F 1.9 1
bcdE1,
sap18R718/sap18R718
20 5.8 F 1.3 1
sap18R718/rpd3 20 8.7 F 1.3 0
bcdE1/rpd3 34 7.7 F 1.4 0
bcdE1, sap18R718/rpd3 57 5.9 F 1.6 7
Males were OreR. Embryos were collected at 298C. n is the number of
embryos scored. The retraction border was scored in cellular-blastoderm
stage 5 embryos. It was measured using Openlab software (Improvision) on
a Macintosh G5 computer, and is given as the anterior margin of hb
expression (arrows in Fig. 4), measured as % egg length from the anterior
(at the midline). The standard deviations are shown. Embryos with no
retraction were not included in the averages. Student’s t tests indicate that
differences in the retraction border between control embryos (bcdE1/+) and
mutant embryos (bcdE1/sap18R718; bcdE1 , sap18R718/sap18R718;
bcdE1/rpd3; bcdE1, sap18R718/rpd3) were all highly significant (P b
0.001), as were differences between sap18R718/rpd3 control embryos
and bcdE1/rpd3 or bcdE1, sap18R718/rpd3 mutant embryos (P b 0.05,
and P b 0.001, respectively).showed no retraction at all (Fig. 4I, Table 4). Taken
together, these data suggest that the Sap18-Bicoid inter-
action is important for retraction of hb expression. They
further suggest that the mechanism involves transcription-
repression mediated by the Rpd3 catalytic subunit of the
histone deacetylase co-repressor complex.
We also examined the expression patterns of other
Bicoid-dependent genes that exhibit retraction, including
otd, ems, and btd, but we did not observe any measurable
effects. In addition, retraction of hb was not affected in
progeny from sap18 mutant females when reared at lower
temperature (258C), consistent with the temperature-
sensitivity of the sap18 mutant phenotypes reported in
Tables 1–3.
To test the possible involvement of the terminal
polarity system in Sap18 function, we generated sap18
double mutant combinations with tor gain- or loss-of-
function alleles (Materials and methods), but could not
detect genetic interactions (data not shown). Perhaps, our
system was not sensitized enough to detect such interac-
tions, or the effects were masked by redundant pathways.
Another possibility is that the anterior system may function
independently of the terminal system as reported for tll and
hkb activation (Bro¨nner and Ja¨ckle, 1996; Schaeffer et al.,
2000).
capdnTcollar expression is reduced in bcd sap18 mutants
We also examined the expression patterns of a number of
other segmentation genes that are regulated directly or
indirectly by Bicoid. Expression was examined in embryos
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analysis included the gap genes kni, Kr, and gt, the pair-rule
genes even-skipped and fushi tarazu. We also examined
expression of the segment-polarity genes wingless and
hedgehog, which have early roles as foregut determinants
and are downstream targets of the tor pathway, and the bcd
and tor target genes, tll and hkb. No significant changes in
the early expression patterns of any of these genes were
detected, suggesting that Sap18–Bicoid interactions are not
essential for their expression and/or that the double
heterozygous mutant combinations do not disrupt overall
patterning (data not shown).
Another gene regulated by bcd and tor is capdnTcollar
(cnc), which controls certain aspects of pharyngeal develop-
ment (Mohler, 1993; Mohler et al., 1995). Janody et al.
(2000b) had shown that forced expression of hb in the head
reduced cnc expression, leading to specific defects in labral
development. Therefore, we examined the expression of cnc
in our double and triple heterozygous mutants (Fig. 5).
During blastoderm stages, cnc is expressed in two
domains, an anterior cap, which is important for labral
development, and a posterior stripe, which is important for
mandibular development (Fig. 5A). During extended germ
band stages, the cap is reduced somewhat in size, while the
stripe concentrates in the ventral portion of the embryo (Fig.
5B). No change was detected in embryos from sap18R718/
+ mothers (data not shown) nor in embryos from sap18
germline clones (Figs. 5C, D). As expected, the pattern in
bcdE1/+ embryos was shifted slightly toward the anterior
(Figs. 5E, F). However, in bcdE1/sap18R718 double
heterozygotes and in bcdE1 , sap18R718/sap18R718
embryos, the anterior cap expression was severely reduced
(Figs. 5G–J). The posterior stripe was also reduced during
blastoderm stages, but it was restored by germ band
extension. In bcdE1, sap18R718/rpd3 triple mutants the
anterior cap expression of cnc was missing entirely (Figs.
5M, N) Interestingly, the posterior domain shifted toward
the anterior in early germ band stages (Fig. 5N), perhaps as
a result of a failure to elaborate anterior cell fates.
The reduction in the cnc anterior cap expression
observed for these mutant combinations parallels the loss
of hb retraction (Fig. 4, Table 4), the frequency of lethality
(Table 3), and the severity of the head phenotypes (Fig. 3).
For example, the bcdE1, sap18R718/rpd3 triple mutant
showed little, if any, anterior cnc expression, almost no hb
retraction, N50% lethality, and the most severe head defects.
Moreover, the structures in the larval head skeleton that are
missing in bcd sap18 mutants are the expected subset of
those missing in cnc null mutations (Mohler, 1993; Mohler
et al., 1995). The missing structures including the labrum,
epistomal sclerite, dorsal bridge, and pharyngeal wall, all of
which are derived from labral and acronal precursors, in
which the anterior cap of cnc is expressed. The lateralgr7ten
and ventral arm which are derived from mandibular
precursors where the cnc stripe (collar) is expressed
(McGinnis et al., 1998; Mohler, 1993; Mohler et al.,1995), are only mildly affected in bcd sap18 rpd3 mutant
combinations: the lateralgr7ten is sometimes thickened and
the ventral arm is modestly reduced. In contrast, the
mouthhook, which derives from maxillary precursors is
not affected in our mutants (Fig. 3). Thus, it appears that
Bicoid-Sap18 functional interaction is restricted to discrete
anterior compartments; the labral segment and the unseg-
mented acron. The results suggest a mechanism by which
Bicoid–Sap18 interaction leads to Rpd3-mediated repres-
sion of hb, which in turn permits anterior activation of cnc
in labral regions of the head.Discussion
Sap18 is a component of the Sin3-Rpd3 histone
deacetylase co-repressor complex whose importance in vivo
was previously undemonstrated. Here, we show that
maternal sap18 is involved in repressing Bicoid-dependent
hb expression in the anterior tip of developing embryos.
This retraction of hb expression is critical for allowing
anterior expression of the labral determinant, cnc (Janody et
al., 2000b). When bcd dosage is lowered, the absence of
sap18 causes severe head defects. The results support a
model in which Sap18 converts Bicoid from an activator
into a repressor, by recruitment of Rpd3, thereby down-
regulating genes that must be repressed in the labral region
of the head. In addition to its role in regulating Bicoid
activity, maternal sap18 is required somatically for oogen-
esis, and zygotic sap18 has essential functions during larval
and pupal stages.
Zygotic requirement for sap18
Zygotic sap18 mutants arrested primarily as pupae that
fail to eclose. Some larval lethality was also observed, but
this occurred during the third instar larval stage. Therefore,
it is likely that maternally derived Sap18 is sufficient for
completion of embryogenesis, and that zygotic sap18 is not
involved in bcd function. The pleiotropy observed in larval
and pupal phenotypes is not surprising, given that Sap18 is a
member of a general co-repressor complex that probably
functions during multiple stages of development. The
lethality of zygotic sap18 mutants is also conditional;
whereas adults were readily recovered at 228C, none were
recovered at 258C. Although the exact cause of this
temperature sensitivity is not clear, it might be due to
varying strengths of protein–protein interactions involving
components of the Sin3–Rpd3 complex at 228C and at
258C.
Maternal sap18 is required in both the germ line and the
soma
Two major defects were observed in maternal sap18
mutants. First, the vast majority of eggs laid by sap18
Fig. 5. Reduced anterior-cap expression of cnc expression in bcd sap18 mutants. Blastoderm (early) and stage 9 embryos (late) were hybridized with a cnc
RNA probe. Expression of cnc in wild-type embryos (A, B) is seen in two domains, a labral cap (arrow) and a more posterior collar (arrowhead). In sap18
germ line clone embryos cnc expression is normal (C, D). In bcdE1/+ embryos (E, F) a slight anterior shift in cnc expression is seen. In bcdE1/sap18R718
embryos (G, H), cnc expression is reduced, while bcdE1,sap18R718/sap18R718 embryos (I, J) show a further reduction. While bcdE1/rpd3 embryos (K, L)
show only mild reduction in labral cnc expression, bcdE1,sap18R718/rpd3 triple mutant embryos (M, N) show complete absence of labral cnc expression.
The posterior mandibular cnc expression was also reduced and shifted toward anterior (N).
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appeared unfertilized. Using sap18R718 germline clones,
this unfertilized egg phenotype was rescued so that most
embryos initiated development normally. This indicates that
sap18 is required in somatic cells during oogenesis, perhaps
for proper formation of the vitelline membrane or chorion,defects that would prevent fertilization (Foe et al., 1993).
Second, maternal sap18 mutants displayed a variety of
segmentation defects, including large holes in the anterior
and thoracic cuticular pattern, head abnormalities, and
deleted abdominal segments (Fig. 2). The holes in the
cuticles were similar to those seen in terminal system
Fig. 6. Model for control of labral development by Bicoid–Sap18
interaction. Blastoderm fate map of the head, adapted from Ju¨rgens and
Hartenstein (1993), showing the proposed pathway for bcd-sap18 control
of cnc expression in the labral region. Below the fate map are indicated the
approximate spatial positions of the expression of genes relevant to this
study, just prior to cellularization. Graded expression of bcd is represented
by the shading. Abbreviations for the segmented regions of the head are:
antennal (An), intercalary (Ic), labial (La), labral (Lb), mandibular (Md),
and maxillary (Mx). References for expression data are found in the text.
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Nassif et al., 1998; Schu¨pbach and Wieschaus, 1986), while
the head defects were reminiscent of phenotypes caused by
some weak bcd alleles (Frohnho¨fer and Nusslein-Volhard,
1987). The inability of zygotic sap18 to rescue these defects
indicates that maternal sap18 is important for embryonic
development. The variety of phenotypes observed suggests
multiple roles for sap18 during embryogenesis.
Despite its importance, sap18 does not seem to be
absolutely essential, as evidenced by the incomplete
penetrance and variable expressivity of the sap18 mutant
phenotypes. In addition, it was surprising that the expression
patterns of most of the segmentation genes that we
examined (N15) were not detectably altered in sap18 mutant
embryos (data not shown). Perhaps, this is because recruit-
ment of the Sin3–Rpd3 to promoters also occurs via other
proteins in the complex, or because other unrelated co-
repressors such as Groucho (Chen et al., 1999; Paroush et
al., 1997) or dCtBP (Phippen et al., 2000) play redundant
roles.
Bicoid and Sap18 work together to specify the head
In evolutionary terms, Bicoid is a relative newcomer to
the network of regulatory proteins that pattern the insect
head (Stauber et al., 1999). In Drosophila, Bicoid appa-
rently usurped some functions carried out by the Hunchback
protein in more primitive insects (Schro¨der, 2003; Wimmer
et al., 2000). Bicoid has also evolved the ability to carry out
multiple distinct functions. For example, in addition to its
well-studied role in regulating RNA pol II transcription, it
also represses caudal mRNA translation (Dubnau and
Struhl, 1996; Rivera-Pomar et al., 1996). To carry out these
diverse functions and to limit its activity in different parts of
the embryo, Bicoid is likely to interact with a discrete set of
modifier proteins. Included in this set are the Bin3 protein
methyltransferase, whose function is still unknown (Zhu and
Hanes, 2000); Sin3 (Zhao et al., 2003); eIF4E (Niessing et
al., 2002); and, as described here, Sap18.
Although Sap18 has been found in other complexes,
several findings suggest that to modulate Bicoid activity, it
recruits the Sin3–Rpd3 HDAC complex. First, Sap18
downregulates Bicoid-dependent transcription in Droso-
phila S2 cells, and this inhibition is reduced by the addition
of trichostatin A, a known HDAC inhibitor (Zhu et al.,
2001). Second, in the present study, hb retraction was
impaired in bcd sap18 double heterozygotes, resulting in
de-repression of hb mRNA levels at the anterior tip of the
embryo. Finally, mutation of rpd3 enhanced the bcd sap18
mutant phenotypes, resulting in greater loss of hb retraction
and more severe head defects.
These results lead to the following model (Fig. 6). At the
anterior of the blastoderm embryo, just prior to cellulariza-
tion, Bicoid interacts with maternal Sap18 thereby recruiting
the Sin3–Rpd3 HDAC complex to repress hb transcription.
Repression of hb allows the anterior cap expression of thelabral determinant cnc, which is required for pharyngeal
development. In this model, Bicoid–Sap18 interaction must
be restricted to labral and perhaps acronal regions, despite
the fact that maternal sap18 mRNA is present uniformly
throughout the embryo (Zhu et al., 2001). This spatial
restriction would ensure that zygotic hb can still be activated
further down the Bicoid gradient. One possibility is that the
Bicoid–Sap18 interaction is inherently weak, so that it only
occurs at the anterior tip of the embryo where Bicoid
concentrations are the highest. Alternatively, Bicoid–Sap18
interaction might be stimulated by the terminal system tor
RTK pathway, whose activity is restricted to the poles of the
embryo. Thus, the role of the terminal system might be to
enhance co-repressor activity of a Bicoid–Sap18 HDAC
complex, but this remains unproven.
Consistent with this model, bcd sap18 and bcd sap18
rpd3 mutant embryos phenocopied tor loss-of-function
mutants. In tor mutants, the labrum is missing, the dorsal
bridge is not formed, and there is a collapse of the head
skeleton (Degelmann et al., 1990). This may be because hb
retraction by Bicoid–Sap18 repression is tor-dependent. Or,
the terminal system may act in a parallel and partially
redundant manner with Bicoid (see below).
The bcd sap18 and bcd sap18 rpd3 mutants also
phenocopy an unusual bcd allele, bcdE5, which has a non-
sense mutation at residue 264 (Struhl et al., 1989). bcdE5
mutant embryos have a normal thorax and posterior head,
but they have defects in the anterior head. The phenotype of
this bcdE5 allele has been dubbed bdispersed deletion
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allelic series where weak alleles affect the thorax, inter-
mediate alleles affect the thorax and posterior head, and
strong alleles affect the thorax and both the posterior and
anterior head (Frohnho¨fer and Nusslein-Volhard, 1987). In
bcdE5 embryos, Bicoid activity is only affected within a
sub-region of the overall fate map that is under Bicoid
control, a region similar to that controlled by Sap18 in the
model presented here. It is possible that bcdE5 encodes a
protein unable to interact with Sap18, and that bcdE5 would
be indifferent to the removal of maternal sap18.
Several observations suggest that the retraction of
Bicoid-dependent gene expression is likely to be more
complex than indicated by our model. First, retraction of
otd and ems expression was not reduced in bcd, sap18,
rpd3 mutant combinations, and thus does not seem to
involve Bicoid–Sap18 repression (data not shown). There-
fore, conversion of Bicoid from an activator to a repressor
by Sap18 appears to be promoter-dependent. For example,
the spacing of Bicoid binding sites, which is known to
affect Bicoid activity (Hanes et al., 1994), or the presence of
other co-regulators on the otd and ems promoters, might
prevent repression by Bicoid–Sap18. This type of differ-
ential repression has been noted for another maternal
determinant, Dorsal, in its interactions with the Groucho
co-repressor (Cai et al., 1996; Jiang et al., 1993). Also, otd
retraction depends on hkb, a target of the terminal polarity
system (Gao et al., 1996), whereas hb retraction does not
(Ronchi et al., 1993). We did not detect changes in hkb
expression in sap18 mutants, consistent with the failure to
see effects on otd retraction (data not shown). Thus,
retraction of hb and otd (and ems) may occur through
independent pathways.
Second, not all maternal sap18 mutant embryos showed
head defects. Even in sensitized backgrounds, the sap18
mutant head phenotypes were incompletely penetrant and
temperature-sensitive, showing observable phenotypes only
at 298C. One possibility is that Bicoid also interacts with
other components of the HDAC complex such as Sin3
(Zhao et al., 2003), Sap30, or the catalytic subunit Rpd3, so
that elimination of one bridge protein such as Sap18 would
only reduce, but not abolish repression. Or, as suggested
previously, there may be an inherent redundancy of co-
repressor action such that under certain conditions, that is,
reduced dosages of sap18 and rpd3, other co-repressors
such as Groucho or dCtBP would substitute to repress hb
transcription. Finally, it is possible that part of the repressive
effects of Bicoid on hb during retraction are due to a self-
inhibitory domain located outside the region that interacts
with Sap18 (Zhao et al., 2002).
In summary, our data show that Sap18 is required for
Bicoid-dependent retraction of hb expression in the anterior
head primordium, and that retraction is likely to be the
result of recruitment of a histone deacetylase complex to
the hb promoter. Retraction also requires the action of the
terminal polarity system, but the mechanism by which thisoccurs remains obscure. The simplest explanation, that
Bicoid activity is downregulated as a result of phosphor-
ylation by the tor terminal system kinases, has been ruled
out (Bellaı¨che et al., 1996; Janody et al., 2000b). An
attractive alternative is suggested by results of the present
study; that the tor kinase pathway regulates either the
interaction of the Sap18–Sin3/Rpd3 HDAC complex with
Bicoid, or its repression activity. Future experiments will
examine these possibilities, and may help us explain how
the terminal and anterior polarity systems converge to
specify head development.Acknowledgments
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